I. INTRODUCTION
T WO-PHOTON absorption (TPA) in semiconductors is of strong interest in applications such as optical sampling [1] , optical clock recovery [2] , and optical performance monitoring [3] . Although it is a weak third-order nonlinear process, TPA in semiconductors can be made very sensitive by employing absorption over a long distance [4] , high gain in an avalanche photodiode [5] , or high enhancement in a planar microcavity [6] . In TPA photodetectors, residual single-photon absorption (SPA) also exists due to deep defects or the Franz-Keldysh effect [7] . For optical signals with very low-repetition frequency and very high peak power, the SPA current accounts for so small a portion of the total current detected it can be neglected. However, as the optical signal repetition frequency becomes high and the peak power decreases, the influence of SPA can no longer be neglected because it may even exceed the TPA current. So addressing residual SPA is a very important issue if these TPA detectors are to be used in optical communications since optical signals used in this environment have relatively low peak powers ( mW). In [8] , it has been shown that the TPA efficiency can be enhanced greatly by using a high finesse planar microcavity. In this paper, we show that this high finesse microcavity not only improves the TPA efficiency but also suppresses the residual SPA relative to TPA so as to decrease the power requirement for TPA to dominate.
II. THEORETICAL MODEL
Without any cavity enhancement, the TPA current generated in a TPA photodetector can be generally described by , where is a factor related to the detector collection efficiency, is the TPA coefficient, is the absorption length, is the spot area where is the beam waist of the incident beam assumed to be Gaussian, is the electron charge, is the photon energy, and is the generalized duty cycle of the incident optical signal [3] . The residual SPA current can be expressed as , where is the SPA coefficient. To have the TPA current larger than the SPA current requires . So reducing the spot size or reducing the generalized duty cycle can reduce the power requirement for TPA to dominate. If the absorption layer of the detector is placed between two highly reflective Bragg mirrors, the optical field can be greatly enhanced in the absorption layer so that TPA and SPA will both be enhanced. The TPA enhancement factor for the normally incident resonant wavelength is [9] (1) where and are the top and bottom mirror reflectivity, respectively. The SPA enhancement factor is (2) To obtain these two formulae we have assumed that the microcavity structure is simply a 1--thick absorption layer sandwiched by two Bragg mirrors, as in [8] . The TPA enhancement is larger than the SPA enhancement as it depends on the squared optical intensity inside the absorption layer. Although SPA is enhanced as compared with the noncavity case, relative to TPA, it is in fact relatively suppressed. So now the power required for the TPA current to exceed the SPA current can be expressed as (3) 1041-1135/$25.00 © 2008 IEEE where describes the relative suppression of the residual SPA due to the high finesse microcavity. According to the following analysis, can reach a level around 100.
III. EXPERIMENT
The TPA detector is a GaAs planar microcavity structure as shown in Fig. 1(a) . The top mirror is p-doped and consists of 13-pairs of GaAs-AlAs layers. The bottom mirror is n-doped and consists of 23-pairs of GaAs-AlAs layers. The absorption layer is 0.46-m-thick (1 ) unintentionally doped GaAs. The resonant wavelength is designed to be 1560 nm. The detector is top and bottom contacted with an input aperture, of 20 m diameter, on the top. The experimental setup is as follows: the continuous-wave (CW) output from a widely tunable laser passes through an erbium-doped fiber amplifier, followed by an attenuator and then a polarization controller. It is focused onto the detector through a lensed fiber. The photocurrent is detected by a Keithley picoameter.
Because TPA in GaAs is polarization-sensitive [10] , the polarization controller is used to adjust the incident polarization so as to maximize the photocurrent. The optimized polarization is kept unchanged throughout the measurement. The cavity spectrum is first measured using a defocused spot much larger than the detector aperture. In this case, the input Gaussian beam can be treated as a parallel beam. The spectrum is measured by scanning the tunable laser wavelength while keeping the incident power constant. The incident power is selected to ensure either TPA (5.84 mW) or SPA (0.2 mW) dominates the detector response. Fig. 1(b) shows the normalized spectrum. The full-width at half-maximum of the SPA spectrum is 1.88 nm, compared with 1.32 nm for the TPA spectrum. The TPA spectral width is exactly 1.4 times less than the SPA spectral width, which is expected because the TPA depends on the squared optical intensity inside the cavity while the SPA signal just depends on the optical intensity. The SPA spectral width is broader than our design value, which could be caused by factors like absorption in the doped mirrors, especially the p-doped mirrors, and also layer thickness fluctuations. However, through simulation we find that the penetration depth of the optical field into the mirrors is not strongly influenced by these factors, so we assume that the practical effective cavity length is still our design value, which is 2.04 m. From the SPA spectral width we can find the averaged mirror reflectivity to be 0.965. As seen from (1) and (2), even as the averaged mirror reflectivity is fixed, the distribution of the top and bottom mirror reflectivity will still influence the final enhancement. A higher bottom reflectivity tends to yield higher enhancement. In our case, the bottom mirror is designed to generate a reflectivity as close as possible to one, so it has a much larger number of periods than the top mirror. Practically, because the absorption loss in the p-doped top mirror would be much higher than in the n-doped bottom mirror, we would expect that the bottom mirror reflectivity is closer to our design value. So we estimate our bottom mirror reflectivity would be between 0.98 and 0.99. We take a value of 0.985 here, so the top mirror reflectivity would then be about 0.945. Based on these estimations, the TPA enhancement is 11 600 and the SPA enhancement is 90 as calculated from (1) and (2) . The SPA suppression factor would be around 130 according to (3) .
However practically we need to consider the limited acceptance angle of the planar microcavity which is defined by the angle at which the intensity inside the cavity drops by half as the incident beam is angled from normal incidence to greater angles. The incident wavelength is the resonant wavelength for the normal incidence case. The acceptance angle which is directly related to the cavity spectral width is estimated to be 12.7 . The lensed fiber we use can generate a Gaussian beam with a beam waist of approximately 3.5 m ( ) which corresponds to a divergence angle of 16.1 . We measured the spectrum again with the beam tightly focused, giving a spot on the detector much smaller than the detector aperture. In this case, the incident power used for the TPA and SPA dominance is 1.3 mW and 4.6 W, respectively. The result is shown in Fig. 2 . A clear asymmetry can be seen which is due to the angular components of the focused Gaussian beam. A theoretical analysis similar to [9] taking account of the greater angular distribution is carried out, with the result comparing well with the experimental result as shown in Fig. 2 . Because of the limited acceptance angle of the planar microcavity, the angled components of the incident focused Gaussian beam cannot be enhanced as much as the normally incident component, so the overall enhancement would drop. From the same simulation, the decrease in the enhancement for TPA is found to be 71% compared with 32% for SPA.
With the incident wavelength corresponding to the peak wavelength from the spectrum in Fig. 2 , we measure the photocurrent as a function of the CW power. The result is shown in Fig. 3. A fitting of the current-power curve yields a relation of (mW) which means for an input power equal to 0.09 mW, the TPA current is equal to the SPA current. Since reverse bias does not increase the photocurrent detected, we do not apply any reverse bias in our measurement and the dark current is lower than 1 pA. Now using the formula (1) with the decrease in enhancement taken into account, the TPA coefficient in our case would be 14.6 cm/GW assuming the collection efficiency is equal to one. In [10] , the measured TPA coefficient of (001)-GaAs at 950 nm is between 20 and 27 cm/GW, where 20 cm/GW is for linear polarization along the (100) direction which describes the strength of the TPA in the isotropic limit [11] , and 27 cm/GW is for linear polarization along the (110) direction which represents an anisotropic factor of 0.76. The wavelength dependence of the TPA coefficient is described by the function [12] , which was obtained based on an isotropic band structure. Using this relation we would estimate the TPA coefficient in the isotropic limit in (001)-GaAs at 1560 nm is 12.5 cm/GW. The anisotropic factor at 1560 nm was estimated to be half of the value at 950 nm [11] , so a value of 0.38 could be used. Then the TPA coefficient for polarized light along the (110) direction at 1560 nm would be 14.8 cm/GW which is also the highest TPA coefficient for any polarizations for (001)-GaAs. The value estimated from our measurement agrees with this value very well. In [13] , a value around 19 cm/GW was measured at 1560 nm which agrees reasonably well with our result taking account of their data fluctuation around 1550 nm. From the measured SPA current, we estimate the SPA coefficient in our detector to be cm , which is a very low value. However, if there was no relative suppression of this small residual SPA, the SPA current would exceed the TPA current for the incident CW power less than 5 mW as shown in Fig. 3 where the simulated data is based on a noncavity detector with the same absorption length. If the acceptance angle of the microcavity could be increased allowing the focused beam to be enhanced as much as the nonfocused beam, the TPA signal would become equal to the SPA signal for an incident CW power of only 38 W.
IV. CONCLUSION
A high-finesse microcavity not only improves the TPA efficiency but also relatively suppresses the residual SPA resulting in a TPA dominated signal at much lower incident power. The TPA coefficient is estimated to be 15 cm/GW at 1560 nm in (001) GaAs and the residual SPA coefficient in our unintentionally doped GaAs grown by metal-organic chemical vapor deposition is approximately cm .
